The geochemical characterization of Novokrivoyrog metavolcanics (2.2 Ga) and Krivoy Rog iron ores (1.8 Ga) in Ukraine represent an important tool for the understanding of their genesis and tectono-magmatic evolution. The petrological classification of the metavolcanics on SiO 2 /(Zr-TiO 2 ) and (Zr-TiO 2 )/(Nb/Y) Harker-type diagrams shows similarities to subalkaline andesitic basalts. An additional classification of the basalts on TAS (Na 2 O + K 2 O/SiO 2 ) and AFM (FeO-MgO-Na 2 O + K 2 O) diagrams exhibits a variable magmatic character from calc-alkaline to tholeiitic. The distribution of High Field Strength Elements, (HSFE: Ti, Zr, Y, Hf, Nb), V, Cr, and Rare Earth Elements (REE) in most of the rocks is close to calc-alkaline basalts (CAB) and can be compared to Precambrian mid-ocean ridge basalts (MORB) where high thermal (>250˚C) basaltic alteration is intensive under pH conditions between 2 and 4. These contributed to the deposition of the Krivoy Rog BIFs. Indeed REE distribution patterns of the BIFs suggest that they can be subdivided into shales and shaly BIFs (rich in LREEs since their detrital and clastic inputs are much higher) with (La/Yb)N > 1 as indication of clastic inputs; chert and cherty BIFs showing positive Eu anomaly with (La/Yb)N < 1 are similar to REE patterns of mixed hydrothermal fluids and seawater; alkaline altered BIFs whose (La/Yb)N ratio is >1 emphasizes post-depositional effects related to the enrichment of light REEs over heavy REEs with a positive Eu anomaly. The distribution of REE patterns of Krivoy Rog BIFs can finally be compared to Precambrian iron formations of mixed submarine hydrothermal fluids and seawater origin which correspond to the MORB signature of the Novokrivoyrog metavolcanics.
Introduction
Sedimentary iron ores are found in Precambrian geological sequences as simple iron formations (IFs) or banded iron formations (BIFs) associated with green stones or metavolcanic rocks. The mineralogical composition of such formations usually presents low-to medium-grade metamorphic associations that do not reflect primary chemical sedimentation. The geochemical characterization of metavolcanic rocks of Novokrivoyrog may answer the questions whether they resulted from rifting processes or they originated from a subduction related volcanic arc or what could be their contribution to the deposition of Krivoy Rog banded iron formations (BIFs). On the other hand the distribution of Rare Earth Elements (REE) is rarely influenced by recrystallization processes related to metamorphic activity. REEs can thus be used as geochemical indicators to provide information on the changing conditions of terrestrial hydrosphere, lithosphere, and atmosphere systems that might have affected the formation of Precambrian BIFs [1] [2] [3] . The different fractionation properties of intermediate (MREEs), light (LREES), heavy (HREEs) Rare Earth Elements combined with redox sensitive elements such as Ce and Eu when showing positive or negative anomalies may give an indication to the physicochemical environment of REEs partitioning, the sources, the mobilization and precipitation of iron. These aspects are considered in this article with regards to the Krivoy Rog iron formations in Ukraine.
The Krivoy Rog Krementschug zone, in the central part of the Ukrainian Shield, represents an Early Proterozoic submeridional deep fault system [4] , which was formed through Archean rifting processes between two crustal units: the easterly located Archean Dniepropetrovsk microplate (built by the Konka-Verkhotsev Archean greenstone assemblages, amphibolites, schist and quartzites of the Awul Group) and the westerly Early Proterozoic volcano-sedimentary block Ingul-Inguletsk (Figure 1) . The Krivoy Rog Krementschug zone hosts the early Proterozoic Krivoy Rog Series and has a linear structure. This structure is probably the result of several deformation processes that are related to the formation of four major fault zones. The early Proterozoic Krivoy Rog Series occur discordantly on the Archean basement and are made up of five suites: The 2.2 Ga-old Novokrivorog suite with a thickness of about 2000 m is made up of metavolcanic rocks in its lower part and metasandstones and metaconglomerates at the top. Novokrivoyrog metavolcanic rocks were thought to belong to Dniepropetrovsk Archean assemblages [5] although many authors associate them with early Proterozoic formations. Metasandstones and metaconglomerates of the Skelevatsk suite (50 -300 m) occur discordant over the Novokrivoyrog upper sequence. The banded iron formation is composed of seven Fe poor schist and quartzite layers alternating with Fe-rich jaspillite horizons. The high metamorphic grade in the upper sequence (amphiboliteepidote facies), where biotite-epidote-garnet and cummingtonite mineral associations are found, contains about 65% Fe. The lower sequence is Fe poor with less than 40% Fe, and is of green schist metamorphic facies.
The Krivoy Rog (Sakssagan) BIF
The Sakssagan BIF is close to 1.8 Ga old and 1300 to 1400 m thick. It is located within the submeridional striking Krivoy Rog basin and forms the Sakssagan monocline [6] . The Sakssagan BIF (Figure 2 ) lies discordantly between the young terrigenous formations of Gdanzev-Gleevatst (700 -800 m) and the old Skelevastk metaconglomerates. It can be subdivided into seven alternating quartzite and schist horizons as a result of facies changing during sedimentation [6] . These horizons are grouped in three metamorphic sequences where Fepoor quartzite and Fe-rich jaspilite are found in association with schists. The mineralogical composition of Sakssagan BIF is marked by the occurrence of quartz-biotitechlorite schist and quartz-biotite-amphibolitic quartzites. Quartz-biotite-epidote quartzite and schist with little garnet indicate an epidote-amphibolite meta-morphic facies [4] . However the profile of Krivoy Rog BIF exhibits three different iron ore units (Figure 2 ): a lower iron ore unit which is composed of two quartzite and two schist horizons associated with carbonate rocks; a medium unit which presents two schist horizons of green schist metamorphic grade separated by a considerable quartzite layer, and; an upper iron ore unit which is mostly of greenschist metamorphic grade although indications for higher metamorphic facies are available through rare occurrences of quartz-biotite-epidote and quartz-biotite-cummingtonite-garnet associations. Jaspilite, quartzite and schist contain 40% to 70% Fe.
Petrographic Features of Novokrivorog Metavolcanics
The area of study is made up of low grade (greenschist to amphibolite facies) amphibolitic rocks that are mainly composed of fine-grained syngenetic hornblende and plagioclase which derived from primary melting material. Accessory components include quartz, apatite and biotite. An association of altered minerals (probably recrystallisation of hornblende in siderite, as well as sericitisation of plagioclase) may indicate a secondary mineral paragenesis.
Sampling and Geochemical Analysis
Systematic sampling of outcrops and cores was carried out to cover the area of occurrence of the Novokrivoyrog metavolcanic rocks and the iron ores. Samples from the seven iron ore horizons of Krivoy Rog BIFs were equally collected. A total of 26 metavolcanic samples and 15 greenschist metamorphic grade ore samples (<40% Fe 2 O 3 ) were selected and prepared in the Geochemical Laboratory of the Technical University of Berlin (Germany) for major and trace elements analysis by wavelength dispersive X-rays fluorescence (PHILIPS PW 1450) method. Programs "Powder 1" (for powder pellets) and Oxiquant (for fusion pellets) were used for analytical quality control. On the other hand REEs, Scandium (Sc), Yttrium (Y) and Hafnium (Hf) were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES: 5500 PERKIN ELMER). REE patterns of Novokrivoyrog metavolcanics were chondrite-normalised while REE patterns of BIFs were normalized against the Post Archean Australian Shales (PAAS) [7] . [11] indicate that most of the samples are closer to the calcalkaline basalts field (CAB), and few samples are related to within plate basalts (WPB) and ocean floor basalts (OFB). The complete sequence of Novokrivoyrog metavolcanic rocks is also plotted on the Ti/V diagram (Figure 6 ) after [12] . Most of the samples are similar to midocean ridge basalts (MORB). Few samples from North Sakssagan (northern edge of the basin) ore field are similar to ocean island basalts (OIB). 
Geochemistry of Metavolcanic Rocks

Rare Earth Elements
Chondrite-normalised REE pa rog metavolcanic rocks after [7] show neither Ce nor Eu anomalies ( Figure 7 ) and have similar features like calc alkaline series from active continental margin or island arc tholeiitic formations [13] . Light rare earth elements (LREE) are dominant compared to fractionated heavy rare earth elements (HREE). REE distribution patterns of Krivoy Rog BIFs reveal three groups corresponding to different ore types: shales and shaly BIFs, alkaline-altered BIFs, cherts and cherty BIFs. These groups are characterized by different europium (Eu) and Cerium (Ce) anomalies as a result of changes in environmental conditions during and after sedimentation.
The REE patterns of shales and shaly BIFs ( 
8(a))
show a pattern of depletion of HREEs over LREEs. T cates reducing depositional conditions, while the Ce anomaly is absent. The slight difference in REEs patterns of shales (sample Kr 32) and shaly BIFs (samples Kr 33a and Kr 7) resulted from non conformity in detrital and clastic supplies in both cases since shales were formed under more clastic and detrital influence [14] . Similarities of the above mentioned REE patterns to Precambrian shales after [7] are confirmed by the ratio (La/Yb)N > 1 [15] as shown in Table 1 .
In the alkali-altered BIFs the positive Eu anomaly (Figure 8(b) ) confirms the red g during the formation of worldwide Precambrian iron ores. How L over heavy REEs. Since no Ce anomaly (see samples Kr 76 and kr 26 in Figure 4 ) has been found in Precambrian sediments [3] , it is thought that such an anomaly may instead reflect the abundance of other Ce species in submarine hydrothermal fluids. (La/Yb)N < 1 for the alkaline-altered BIFs (Table 1 ) is considered to be an indication of REEs from mixed hydrothermal fluid and seawater [16] .
REE patterns of chert and cherty BIFs (Figure 8 and much more abundant REEs over LREEs which can also be compared to REE ssion nt data and petrographic features indivoyrog amphibolitic rocks symbolize a show positive Eu anomalies H patterns of mixed hydrothermal fluids and seawater [17] . In addition, the REE patterns above also exhibit (La/Yb)N < 1 [3] .
Discu
The major eleme cate that Novokri varying magmatic trend from calc alkaline to tholeiitic character which might have taken place either within an island arc system (calc-alkaline signature), or in other tectonic setting (tholeiitic signature). Trace elements and REE data equally precise that Novokrivoyrog metavolcanics could be compared to midocean ridge basalts and ocean island basalts, since their geochemical characteristics indicate a bimodal volcanism where both calc-alkaline and tholeiitic sequences are available. 
enetic implications of Novokrivoyrog
Novokrivoyrog metavolcanics.
G Metavolcanics and Krivoy Rog BIFs
Three main hypotheses about the genesis of iron formations have been propounded. The removal of Fe and SiO 2 from detrital sediments due to weathering in a reducing deep marine environment may be the source of iron and silica [18] . [19] attributed the precipitation of huge amounts of iron and silica in a marine setting to the deposition of weathered transported materials from inland. However the importance of hydrothermal activity in the formation of BIFs mentioned by [1] fits better into this context. This hypothesis may find an answer in the Novokrivoyrog metavolcanics comparable to Midocean Ridge Basalts (MORB) as a major source for SiO 2 and Fe after [20] . The positiv erts and cherty BIFs including alkaline-altered BIFs of Krivoy Rog Precambrian banded iron ores points to high enrichment of light upon heavy REEs equally support the hydrothermal hypothesis of [1] . In fact much intensive hydrothermal activity could have taken place within mid ocean ridges (MOR) during Precambrian times than in recent oceanic ridges. These high thermal fluids (>250˚C) carried along huge amounts of Fe and SiO 2 that were deposited at pH varying between 2 and 4 [23] .
The positive Eu anomaly of REE patterns of Krivoy Rog BIFs also indicate that hydrothermal submarine fluids probably mixed with sea water [1] : Fe 2+ an 2+ lloidal hydrothermal solutions transported from the Krivoy Rog epicontinental basin reacted with Fe and SiO 2 dissolved in sea water as a closed system [15] with pH = 8 leading to the formation of sedimentary iron ores.
Conclusions
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